Abstract
Introduction
With an incidence of 235-556/100,000, traumatic brain injury (TBI) is among the most frequent neurological disorders worldwide [1, 2] . Traffic accidents, falls and assaults are the main causes of TBI [3] .
In severe TBI case fatality rates mount up to 40% and in survivors the disability rate is as high as 55-77% [3] [4] [5] [6, 7] , underlining the complex and heterogeneous pathogenesis of TBI.
In vitro and in vivo research in different cell lines and in animal and human beings, has increased knowledge on the pathophysiological processes arising from TBI. TBI is a dynamic process resulting in alterations in function and structure of virtually all
# Both authors contributed equally to the paper. [13] [14] [15] , moderate or severe (GCS Յ 8) [8] . In terms of survival the GCS score, especially the GCS motor score, remains one of the strongest predictors [9] (Table 1) . However, from the GCS the underlying cerebral pathology cannot be inferred and different structural abnormalities may result in a similar clinical picture (Table 2) . Therefore, at present more attention is paid to the pathological features of injury such as the moment of onset (primary or secondary) and distribution of structural damage (focal or diffuse) [10] [11] [12] (Fig. 1) . [22, 23] .
elements of the brain that may continue up to years after the injury is sustained, introducing new possible windows for therapeutic intervention. In this review we aim to provide an overview of the clinical consequences of TBI and current concepts of the pathological processes underlying damage of nerve cells and their axons. Although not all cellular and molecular post-traumatic processes are evaluated exhaustively, this overview can be a starting point for readers with additional interest in TBI pathophysiology.

Classifying TBI Clinical injury severity
For almost four decades the Glasgow Coma Scale (GCS) score, which measures level of consciousness at the trauma scene or at emergency department admission, has been the primary clinical variable to grade initial brain injury severity in mild (GCS
Primary injury consists of the initial damage directly resulting from the mechanical forces affecting the cerebral tissues. Secondary injury refers to the cascade of cellular and molecular processes initiated by the primary injury. In addition, secondary injury consists of the cerebral damage due to hypoglycaemia, hypotensive or hypoxic events, and raised intracranial pressure resulting in cerebral ischemia.
Focal injury or diffuse injury
Focal brain damage is produced by collision forces acting on the skull and resulting in compression of the tissue underneath the
An essential factor in the development of shear strain is the direction of the head movement: lateral head movement (Fig. 3A) is associated with more severe diffuse damage than sagittal head movement [14] . Furthermore, recent studies indicate that head contact has an important additive effect on the development of shear strain levels [24, 25] 
diffuse TBI. Examples of focal and diffuse TBI on CT (rows 1 and 2) and MRI (row 3). Focal injury: (A) Left frontal contusion with midline shift to the right and compression of the lateral ventricles. (B) Right frontal epidural haematoma with midline shift to the left and compression of the anterior part of the lateral ventricle. (C) Right frontotemporoparietal subdural haematoma with a midline shift to the left. Diffuse injury: (D) Punctate haemorrhage within the right posterior limb of the internal capsule, a sign of DAI; (E) Diffuse subarachnoid haemorrhage; (F) Diffuse swelling with bilateral compression of the basal cisterns. DAI on MRI: Susceptibility weighted images of one patient revealing punctate haemorrhages (hypo-intense foci) within (G) the right frontal hemisphere, (H) Splenium of the corpus callosum, and (I) mesencephalon, corresponding to grade 3 DAI.
slower compared to the time course seen in patients with focal injuries [32] . This difference in recovery time between injury mechanisms however was not present when recovery of ambulation was considered [33] . Fig. 1) [68] . [75, 76] . Additionally, oxidative stress products have been found in cerebrospinal fluid (CSF) of paediatric patients suffering from severe TBI [77] .
Imaging TBI
Visualization of the full extent of damage after TBI is complex. In the acute phase work-up, the fast and easy to obtain CT is favoured due to its high sensitivity for (focal) injuries that may require intervention (
of axonal injury (D1.II) is characterized by a combination of local axonal swelling and altered axonal transport but no overtly altered axolemma permeability. It is suggested that with this injury type there may be subtle alterations of membrane permeability triggering the activation of calcineurin. Calcineurin in turn alters the microtubular network, causing a disruption in axonal transport, with accumulation of organelles and swelling. After axonal disconnection, which may occur after both injury types, the axon undergoes a process of Wallerian degeneration (D2) consisting of a breakdown of the myelin sheath and the axon cylinder. The target site has now lost its input from the disconnected axon (D3) and may undergo synaptic reorganization, for example through axonal sprouting of neighbouring intact fibres. This process of synaptic reorganization may
Following the increased membrane permeability oxygen radicals (reactive oxygen species [ROS]), a by-product of the regular OXPHOS process, and the pro-apoptotic protein cytochrome-c, located between the inner and outer membranes of the mitochondria, are released into the cytoplasm [69-71]. The release of ROC into the cytosol leads to oxidative stress and ROS generation is further enhanced after the initial mitochondrial calcium uptake [72]. Within the mitochondrion itself ROS cause lipid and protein damage [65]. Cardiolipin (CL) is one of the mitochondria-specific phospholipids. Peroxidation of CL, a process propagated by cytochrome-c [73, 74], is found after TBI but before peroxidation of other phospholipids and it has been proposed that CL oxidation products play an important role in apoptotic signalling pathways
In [70, [79] [80] [81] [82] . This is considered the 'intrinsic' caspase activation pathway. Nevertheless, mitochondrial involvement is seen in both apoptosis and necrosis [83] and other parallel extramitochondrial apoptotic pathways are proposed [84] . Moreover, cytochrome-c release and caspase-3 activation have been shown in traumatic axonal injury (TAI) [69] .
Caspase and calpain
Both the caspase and the calpain proteins belong to the cysteine protease family and are key regulatory enzymes in the molecular processes of cellular necrosis and apoptosis [85] [86] [87] . Caspases play a central role in apoptotic cell death [83] . [89] , a process that is also found in TAI. The elevation of spectrin breakdown products, i.e. breakdown products resulting from cleavage of the cytoskeletal protein ␣II-spectrin by calpain [90, 91] and to a lesser extent by caspase [92] , has been demonstrated in CSF of rats after experimental TBI [93] and of severe TBI patients [94] . Furthermore, it has been suggested that calpain activation is associated with lysosomal membrane disruption leading to leakage of hydrolytic lysosomal enzymes, like cathepsin, that in turn will cause severe damage to the cytoplasm and eventually cellular necrosis [95] [96] [97] . Also, intracellular activation of calpains may lead to the inactivation of the caspase activation pathway [89, 98] . Finally, a calpain inhibitor administrated to rats following brain injury has been shown to the attenuate motor and cognitive deficits compared to control animals [99] .
Necrosis versus apoptosis
Both necrosis and apoptosis simultaneously occur in traumatic injured brain tissues [100, 101] . Whereas brain cell necrosis is energy independent, apoptosis occurs only in the presence of ATP, i.e. in the presence of functional mitochondria [82, 102] . Therefore, in tissue with extensive mitochondrial destruction and energy depletion mainly cellular necrosis will be found. In apoptosis, also referred to as programmed cell death, cell membranes do not rupture and no inflammatory response is elicited. An increasing portion of neurons succumbed to cellular necrosis when exposed to higher extracellular concentrations of glutamate [102] . Furthermore, it has been suggested that the occurrence of apoptosis or necrosis is associated with the intracellular Ca 2ϩ levels [103, 104] [105] . Axonal bulbs, grossly swollen axons detected upon microscopic investigation, are a pathological hallmark of TAI [106] . Initial suggestions that these axonal bulbs are the result of immediate mechanical tearing of the axon, followed by axonal retraction and axoplasmic leakage [17, 107] , proved to be unsatisfactory for the larger part of the injured axon population. Rather, trauma evokes a cascade of changes to the axon that may ultimately result in secondary disconnection [108, 109] .
These changes have long been thought to consist of a single pathological process but the important work of Povlishock and colleagues has now led to the hypothesis that two distinct forms of axonal injury exist [110] (Fig. 3D) . The first process is characterized by altered axolemma permeability [111] , mitochondrial swelling [69] and cytoskeleton breakdown consisting of a loss of microtubules, neurofilament side-arm cleavage and neurofilament compaction [112] [113] [114] . In contrast to what was previously posed, axonal disconnection resulting from this first type of axonal damage is not preceded by a termination of axonal transport and no axonal swelling occurs [115] . Rather, it is suggested that a conversion of anterograde into retrograde axonal transport occurs that prevents the axon from swelling [116] (Fig. 3D) .
The second type of axonal injury is characterized by a combination of terminated axonal transport and local axonal swelling but not by overtly altered axolemma permeability [116] or neurofilament compaction [110, [117] [118] [119] [120] . What in this latter processes leads to terminated axonal transport is unclear but possibly more subtle alterations of membrane permeability are involved, activating micromolar calpains and triggering the activation of calcineurin [110, 116] . In rats with experimental TAI, administration of a calcineurin antagonist, resulted in an attenuation of axons showing terminated axonal transport [121] . As a result of the activation of calcineurin, the microtubular network may be altered, which in turn disrupts local axonal transport kinetics, eliciting swelling, accumulation of organelles and finally disconnection (Fig. 3D) .
Although unmyelinated fibres comprise a great part of the axonal population, current research has focused on the effects of traumatic impact to long myelinated axons [12] . A recent study of compound action potentials in the rat corpus callosum revealed that fine-calibre fibres were more vulnerable to traumatic impact than long myelinated fibres [122, 123] . This suggests that to date, the extent of traumatic axonal damage has probably been underestimated.
After axonal disconnection
After disconnection, the downstream segments of the axons undergo Wallerian degeneration consisting of breakdown of the myelin sheath and the axon cylinder. The time course of this process is highly variable with degeneration initiating as early as 1 to 3 hrs after injury but potentially proceeding up to several months after the impact [113, 124] .
In 
